Abstract
Introduction
One of the greatest challenges in understanding susceptibility to neurodevelopmental disorders 2 lies in establishing a connection between studies on human brains, with neuroimaging or 3 neuropathology, and findings at the molecular and cellular levels from studies of gene function in 4 animal or cell models. There is complementarity in the level of granularity each approach can 5 take: while the former typically offers large-scale features such as gray matter volume, white- 6 matter tract density and so on, the latter interrogates much more fine-grained problems such as 7 molecular interactions, formation of synapses or physiological activity. The link between cortical 8 migration defects and neurological and cognitive conditions is well established (Rakic 1988 ; 9 Walsh and Goffinet 2000; Ayala et al. 2007 ). Our review specifically examines the link for 10 dyslexia. 11 12 For developmental dyslexia, there was a remarkable convergence of evidence from human 13 studies and functional genetics in the mid-2000s. This line of work was initiated by a series of 14 postmortem studies on the brain of dyslexic individuals that identified a large number of micro- 15 abnormalities in the organisation of cortical neurons in key regions of the language network 16 (Galaburda and Kemper 1979; Galaburda et al. 1985 ; Kaufmann and Galaburda 1989; 17 Humphreys et al. 1990 ). This led to suggestions that impaired neuronal migration may be a 18 cellular antecedent to dyslexia (Galaburda 1985 (Galaburda , 1992 (Galaburda , 1993 . With the identification of the first 19 susceptibility genes for dyslexia in the early 2000s, researchers attempting to uncover their 20 function in the brain found that they were involved in precisely this process during cortical 21 development (Meng et al. 2005 ; Paracchini et al. 2006 ; Wang et al. 2006 ). This striking 22 convergence led to the establishment of the hypothesis that dyslexia is a disorder of neuronal 23 migration (Galaburda et al. 2006; Paracchini et al. 2007 ). Specifically, the claim is that newborn 24 neurons derived from the ventricular zone of the cortex fail to move upwards as normal towards 25 the cortical plate and end up misplaced, leading to subtle abnormalities in brain structure, 26 connectivity and, ultimately, function. This view fits with the ideas that (i) most of language and 27 reading processing takes place in the neocortex and (ii) that defects leading to problems in these 28 functions must be in place from an early stage in development. From its origins in the late 1970s, the proposal has achieved a consensus-like status within much 1 of the research community on language neurobiology. However, with technological advances and 2 new evidence being uncovered, particularly in molecular and functional genetics, the time is ripe 3 for an evaluation of the evidence surrounding the association between neuronal migration and 4 dyslexia. 5 6 In this review, we start by outlining the original findings from studies in both humans and animal 7 models that lead to formulate the neuronal migration hypothesis. We then review recent studies 8 on gene function and note concerns over reproducibility of some of those original findings, 9 followed by an evaluation of how the candidate genes studied so far fit into the growing 10 understanding of the genetic architecture of dyslexia. In the light of methodological issues 11 surrounding the neuroanatomical analyses of dyslexia in human histological and imaging studies, 12 the picture that emerges is that evidence for the neuronal migration hypothesis from human 13 studies and animal models is not very robust, suffering from a number of limitations which cast 14 doubt on the original hypothesis. The conclusion is that the link between dyslexia and neuronal 15 migration should be considered with caution. 16 18 Developmental dyslexia refers to a deficit in reading ability in individuals with normal 19 intelligence and educational opportunity, and no major sensory abnormalities (World Health 20 Organisation 2008). It is one of the most common neurodevelopmental disabilities, affecting [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 12% of school-aged children across different countries (Peterson and Pennington 2015) . Children 22 with dyslexia are slow to learn to read and, even if they attain adequate reading accuracy, they do 23 not read fluently (Lefly and Pennington 1991 ). Dyslexia appears to be a complex, multi-factorial 24 disorder with a strong genetic component in its aetiology, with heritability estimates from twin Despite extensive investigation, the neuropsychological mechanisms underlying dyslexia are not 1 well understood, and proposals range from deficits specific to the phonological system and subtle 2 problems in sensory perception, to impaired attention and motor deficits (for general reviews, see widely accepted, the specific nature of the deficit is a matter of much debate, as proposals 6 typically only account for a subset of the observed abnormalities -a fact further complicated by a 7 lack of consensus in diagnostic criteria and the highly heterogeneous nature of the disorder 8 (Newbury et al. 2014 ; Bishop 2015). 9 10 The neural architecture that supports reading involves a complex circuitry largely dependent on 11 the core language network, a left-lateralised system involving temporo-parietal areas connected However, it is worth noting that GWAS for dyslexia have been under-powered so far and variants 19 with the strongest association to dyslexia (e.g. in genes RBFOX2, ABCC13, ZNF385D, COL4A2 that impaired neuronal migration may be a cellular antecedent to dyslexia (Galaburda et al. 1985; 3 Galaburda 1989 3 Galaburda , 1992 3 Galaburda , 1993 . Around the same time, studies of mice with autoimmune disorders 4 exhibiting similar cortical ectopias were found to suffer from auditory deficits similar to those 5 described in dyslexics (Sherman et al. 1985 (Sherman et al. , 1987 Galaburda 1992) . Combined with reports of 6 higher incidence of immune deficiencies in the dyslexic population, this provided some added 7 support for the proposal (Galaburda 1992 (Galaburda , 1993 ; Habib 2000). These authors reported that patients with PVNH performed poorly on reading tasks, with their 15 performance resembling that seen in dyslexia. We discuss this evidence further below. 16 18 Molecular genetics studies gave further strength and support to the neuronal migration 19 hypothesis. In the early and mid-2000s, the first candidate genes for dyslexia started to emerge 20 and revealed DYX1C1, DCDC2, KIAA0319 and ROBO1 as the main dyslexia susceptibility genes 21 (for a contemporary review, see Fisher and Francks 2006; Paracchini et al. 2007 ). At the time, 22 little was known about the function of these genes inside cells and as part of neural circuits. 23 Questions therefore emerged about their role in the healthy brain and in dyslexia. identified and distinguished from each other. As a control, the same procedure is conducted in 10 another animal using the same conditions, but using an shRNA construct that has no predicted 11 target (i.e. it should not 'interfere' with any gene). The position of neurons transfected in both 12 conditions can then be compared to assess whether the shRNA targeting a specific gene affects 13 neuronal migration. This method offers a fast and inexpensive way to lower or "knock-down" the 14 activity of a protein by reducing its availability in a given cell or tissue. 15 16 By delivering DCDC2-shRNA constructs to early neurons in the rat cortex, Meng et al knocked 17 down the levels of the DCDC2 protein in neurons at the time they were undergoing migration. If 18 the protein plays an important role in this process, it would be expected that its reduced 19 availability in certain neurons would affect the neuron's ability to move and, as a result, it would 20 fail to occupy its intended position in the cortical plate. As such, in the test condition, it would be 21 expected that the overall distribution of neurons along the cortical plate would be different when 22 compared with control experiments. Four days after transfection, GFP-expressing neurons in 23 control animals were found predominantly in the cortical plate, whereas in the cortices of 24 embryos transfected with DCDC2-shRNA, the bulk of electroporated cells were significantly 25 further from it, clustering around the intermediate and subventricular zones (Fig. 2 ). This 26 indicates that shRNA knockdown of DCDC2 led to alterations in the migration of neurons in the 27 developing cortex. This finding paved the way for work with the two other main candidate genes: link between dyslexia and risk genes, which we will also evaluate. Finally, we look more closely 9 at the evidence for path c, the link between dyslexia and abnormal neuronal migration in humans. 10 We conclude that a strong form of the neuronal migration account where it is the main aetiology 11 of dyslexia is not sustainable. Finally, we suggest an agenda for future research that will allow us 12 to determine whether abnormal neuronal migration plays any role in mediating the link between 13 genetic variants and dyslexia. On the basis of the promising results from rat shRNA studies, several groups, including from our 19 laboratory, started to develop gene-targeted mice to be used as a tool to gain a more detailed 20 understanding of how these proteins are involved in neuronal migration and in brain function 21 more generally. Knockout (KO) mice were generated for each of the genes mentioned above, 22 carrying mutations to make them unable to produce a normal, functional copy of the protein -the 23 result are animals where the specified protein is never present and, thus, unable to carry out its 24 function inside a cell and in neural circuits. This approach differs from the shRNA method used 25 in rats in that animals completely lack the protein product of a gene from embryogenesis, instead 26 of simply reducing protein levels at the time and place in which the shRNA is introduced. The 27 disruption is bigger and permanent, but requires no intervention during gestation. genes, the only gene for which there has been concordance between migration defects in RNAi 12 and KO experiments is Robo1 (Gonda et al. 2013 ). In Dyx1c1, 'constitutive', complete KOs 13 exhibit major neuroanatomical defects due to severe hydrocephalus resulting from ciliary motility abnormalities (see Table 1 for a list of studies). Different factors can contribute to the discrepancies between knockdown and genetic models. 1 They include compensation in knockout models, distinct dynamics of shRNA versus Cre 2 recombination, potential off target effects of shRNA constructs and interspecies differences. constitutive KO mice. However, it is important to consider that the dynamics of protein 5 knockdown will differ between the two systems, with shRNA providing a faster decrease than 6 Cre-mediated recombination. 7 8 Experiments have been conducted with this method to interrogate the function of Dcdc2, Kiaa0319 and the joint effect of Kiaa0319 and Kiaa0319L: the acute disruption did not lead to 10 observable problems in migration in any of the three cases ( Although the differential dynamics between shRNA and Cre recombinase protein knockdown 14 could partly explain these discrepancies, the magnitude of the difference between the results 15 obtained by the two approaches for three separate genes makes this explanation highly unlikely. 16 In the case of Dyx1c1, mice with conditional knockout potential are available (Rendall et al. . The same has been found for 13 the LIS1 gene (Reiner 2013) . In the studies with dyslexia-susceptibility genes in rodents 14 mentioned above, shRNA knockdown has been performed exclusively in rats and genetic KO 15 (constitutive or conditional) only in mice. Thus, it is possible that the discrepancies observed may 16 result in part from differences across these two rodent species. So, could mouse-rat differences be . Based on these results and the issues with specificity of shRNA 21 mentioned above, and because of the lack of rat KO models for dyslexia susceptibility genes, the 22 most parsimonious explanation would be that off-target effects are implicated in the results 23 obtained with both mice and rats. However, a more important question that derives from this 24 analysis is the degree of interspecies differences between humans and rodents. How much can we 25 translate a lack of migration defects obtained in mice to the human brain? The DCX and Lis1 26 examples highlight that mutations in the same genes in mice and humans do not necessarily lead 27 to the same phenotype despite conserved molecular migration mechanisms. Size and complexity 28 of the human brain are probably the main factors underlying these differences. artefacts. On the face of this, the putative link between these genes and neuronal migration is far 10 from established and lacks solid evidential support. As it stands, it is still an empirical question 11 and future evidence may show it to hold. But this can no longer be mentioned without a statement 12 of the known inconsistencies. 
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B -The association between common genetic variants and dyslexia
15
The evidence from functional genetics is based on studies conducted on 4 to 5 candidate genes: 16 KIAA0319, DCDC2, DYX1C1, KIAA0319L and, to some extent, ROBO1. Although these genes 17 correspond to the strongest candidates, they only explain a small fraction of the genetic 18 component underlying dyslexia and are likely to be a small subset of genes implicated in 19 susceptibility to a complex, heterogeneous disorder like dyslexia. 20 
21
The identification of these genes as susceptibility candidates was based primarily on the use of . As we advance in our understanding of the genetics of dyslexia, it may be that they 4 become only marginal, historical candidates in the long run, much in the same way that has 5 happened with other disorders, such as DISC1 in schizophrenia (Mitchell 2012 ). In particular, it 6 has been shown that, in the context of GWASs, candidate genes for schizophrenia do not show 7 stronger signals than non-candidates (Johnson et al. 2017 ). 8 9 It has to be noted that a major limitation of genome-wide investigations for dyslexia is the 10 relatively small sample size analysed so far which is in the range of a few thousands and is not 11 sufficient to give adequate power to detect the expected small size effects (Park et al. 2010 ). 12 Furthermore, we cannot refer to them as GWASs for dyslexia because they often test for genetic 13 associations with reading abilities in the normal range of variation using general population Another open question is how it is possible for a general process such as neuronal migration to 11 specifically affect dyslexia. From a genetic point of view, it has to be considered that the variants 12 associated with dyslexia predominantly fall within regulatory regions (thus, affecting levels of 13 expression rather than the function of a gene), in line with what is known for most other complex, 14 multifactorial traits. As such, it is unlikely that risk variants in genes such as KIAA0319 or 15 DCDC2 are sufficient to lead to defects in neuronal migration or other neurodevelopmental 16 pathways contributing to dyslexia -particularly given some of these risk variants are also 17 commonly found in non-dyslexia populations -and thus must co-occur with other factors. This 18 common misconception is one of the problems underlying many brain imaging or behavioural 19 studies for neurodevelopmental traits in general. With specific reference to dyslexia, it has been 20 assumed that common genetic variants such as those seen in DCDC2 have a large effect size, 21 justifying analyses using very small samples, eventually leading to identification of false 22 positives (for a recent study highlighting these issues see Scerri et al. 2017 ). 25 The hypothesis that dyslexia is a disorder of neuronal migration was originally based on 26 postmortem neuropathological examinations of dyslexic brains. We should start by noting that 27 the analyses of cortical structure performed in the original reports by Galaburda and colleagues 28 were based on high standards and thorough examination of each of the brains (which were and it is often inevitable that there will be limited information about how the diagnosis was made.
C -The association between dyslexia and neuronal migration abnormalities in humans
11
The original case of Drake (1968) was an exception, as the child died soon after detailed 12 psychological and cognitive assessments had been conducted. These confirmed he had normal IQ 13 and reading difficulties, but also indicated a host of other issues: serious attentional, emotional 14 and behavioural problems, as well as recurrent headaches and what sound like possible absence 15 seizures: 'lapses of attention with staring into space, and "dizzy spells" with "blackouts"' (p. 487). 16 As noted by Altarelli et al. (2014), the female cases examined in another study (Humphreys et al. 17 1990) display co-morbidity with other neurological conditions which may confound the 18 observations. The authors note that, of the three patients studied in the report, the first patient 19 suffered from severe depression and attention deficits, whilst patient 3 had delayed language as the patient had notable language difficulties and received special education. 28 29 If we take these considerations into account, only 3 of the 9 samples investigated could be 30 considered free from other conditions. This does not necessarily invalidate a dyslexia diagnosis: ). This does not mean these samples must be discarded; rather, co-morbidity must 6 be carefully controlled for in such studies. 7 8 Viewed from a contemporary lens, the main limitation of the early studies was that the analyses 9 were not blinded (Lazic 2016): initially there was no control group and non-dyslexic samples 10 were examined and reported separately (Kaufmann and Galaburda 1989). The ideal would be to 11 have a control group of brains, matched for age and gender (including non-dyslexic cases 12 affected by the same comorbid conditions as dyslexics), with the analysis done without 13 awareness of which group the brain came from and following modern standards of postmortem with PVNH and epilepsy were evaluated. Nine of the ten had normal range IQ, and two had been 23 formally diagnosed with dyslexia or a language-based disability in the past. On the Wide Range 24 Achievement tests of reading and spelling, the mean scores were average or above-average. 25 Many of the patients did, however, do poorly on the Nelson-Denny reading test and, on this basis, 26 the authors concluded they were dyslexic. But this test, which stresses speed, was designed for 27 college students, not for the general population. The fact that most participants were older than 28 college students, and all were on anti-epileptic medication, makes the claim of dyslexia in these 29 people far from convincing. The 2007 study had a better design: 10 patients with PVNH were 30 compared with 10 dyslexics and 10 adults without dyslexia. Nevertheless, the groups were not what the average reading ability is, but whether there is an increased risk of dyslexia, and if so, 13 whether it is predictable from the PVNH characteristics. This is not possible to establish from the from similar limitations: although a control group was used, they were from word-of-mouth 16 referrals and had a mean IQ 20 points higher than the PVNH cases, four of whom were on anti-17 epileptic medication. Six of the PVNH cases were reported to have a history of reading problems, 18 and three of these received special education, but the presentation of the data as group means 19 makes it difficult to establish their specific cognitive profile. 20 21 Perhaps the most important piece of evidence from human studies is the absence of associations 22 reported between neuronal migration abnormalities and dyslexia from brain imaging studies. One 10 The neuronal migration hypothesis of dyslexia is based on two key lines of evidence: functional 11 genetics on a handful of susceptibility candidate genes in rodents, and postmortem histopathology 12 in human dyslexia cases. In this review, we outlined a number of issues surrounding both of these 13 points which, altogether, question the strength of the evidence in favour of the neuronal migration 14 view. We make the case that this position is untenable on the face of our current knowledge of 15 the function of candidate genes studied so far, the genetic architecture of dyslexia and human 16 neuropathology, unless the original findings are replicated using modern standards. 17 Reproducibility is one of the key tenets of scientific research and there has been growing concern conditions which might shed light on the function of these genes. 10 11 We do not question that disrupted neuronal migration can have important consequences for 12 cognitive development in humans. The question is how far this specific aetiology is implicated in 13 causing dyslexia, and how specific an aetiology it is. To address the first question, we need 14 studies that use the latest technological and statistical advances in neuroimaging, such as Calretinin interneuron density in the caudate nucleus is lower in autism spectrum disorder. 
Conclusion and future directions
